The oleaginous yeast Rhodosporidium diobovatum is a poorly described producer of carotenoids and may be of interest in biotechnology. This study investigated the effects of culture medium and illumination on effective carotenoid production by R. diobovatum IMB Y-5023. Yeast was cultured on carrot, bran extract, and modified yeast malt (YM) medium at illuminations in the 0-5000 lx range. Biomass, total carotenoids and their profile were assessed after cultivation. In order to compare samples, cluster analysis and principal component analysis were used to visualize the relationships between the variables and samples. Results show that it is not illumination but culture medium that is the main factor determining the quantity and proportions of carotenoids produced by R. diobovatum IMB Y-5023. The yeast grew and produced pigments throughout the tested range of illumination intensity. The modified YM medium was optimal for carotenogenesis. In cultures on that medium, the highest carotenoid yields of 24.98 mg g −1 dry cell weight and 77 mg L −1 were recorded. It was found that this yeast is capable of assimilating oligosaccharides and can grow and produce carotenoids in low-glucose media containing DP3 and DP4. Moreover R. diobovatum IMB Y-5023 produced lycopene as the main pigment independently of the culture conditions.
INTRODUCTION
Carotenoids are of great practical value on account of their coloring and biological features, which include antioxidant, anticancer, immunomodulatory and other effects (Stahl and Sies 2005; Walter and Strack 2011) . Some carotenoids may function as precursors of vitamin A. They are used in aquaculture as pigments and for the coloration of vitellus, in the food industry as food pigments, in medicine, pharmacy, chemistry and cosmetology. According to März (2015) , the global carotenoid market totaled $1.5 billion in 2014. This market is expected to reach nearly $1.8 billion in 2019, with a compound annual growth rate of 3.9%.
At present, the microbiological synthesis of carotenoids is an intensely researched area. Compared to chemical methods, the advantages of microbiological synthesis are that it is environmentally friendly and that-unlike plant synthesis-it can be carried out under controlled conditions. Microorganisms are easy to culture and proliferate rapidly, frequently in cheap media, and the color of the pigment is constant and does not depend on the geographical location or weather conditions.
The capacity to synthesize carotenoids is found in a limited number of microorganisms, of which the best known are the bacteria Flavobacterium, Rhodococcus and Micrococcus (Thanapimmetha et al. 2017) , the microalgae Dunaliella and Haematococcus, the mold Blakeslea trispora, the basidiomycetous yeasts Xanthophyllomyces dendrorhous (the perfect state of Phaffia rhodozyma (Golubev 1995) ) and the genera Sporobolomyces and Rhodotorula, as well as their teleomorphs Sporidiobolus and Rhodosporidium (Buzzini et al. 2007; Han et al. 2016) . Rhodosporidium diobovatum is an oleaginous yeast and is primarily appreciated for its ability to accumulate large amounts of fat (Munch et al. 2015) . Its lifecycle consists of asexual (anamorphic yeast) and sexual proliferation stages. The anamorphic stage resembles the same stage in Rhodotorula glutinis, while the sexual proliferation stage has some particularities (Newell and Hunter 1970) . In natural environments, R. diobovatum is found in soil, in deep-sea water and on the surfaces of plants (Guo, Tang and Zhang 2014) . Although it is a very poorly described producer of carotenoids, it may be of interest to biotechnology. Ielchishcheva et al. (2016) showed that R. diobovatum IMB Y-5023 can effectively grow on the liquid corn stillage fraction obtained by sedimentation of solids and on wheat bran extract with the addition of corn oil as up to 30% of the medium. These results are the basis for undertaking further research into the possibility of using these substrates for the industrial production of yeast biomass rich in carotenoids. Using substrates prepared from natural extracts, agroindustrial raw materials or waste for the production of microbial metabolites offers an opportunity to lower the costs of the technological processes and also to use up by-products. The composition of such media must be standardized in order to avoid discrepancies in the metabolite yields. On the other hand, such media may also contain unknown stimulators of carotenogenesis.
According to the limited data available in the literature, the concentration of carotenoid in the biomass of wild R. diobovatum ranges from 0.06 to 0.6 mg g −1 ; however, at the same time, the biomass yield can be as high as 33.8-38.6 g L −1 (Yurkov et al. 2008) . The efficiency of carotenoid synthesis and consequently the cost of the biotechnology process are influenced by the components of the nutritional medium (C, N, ions and vitamins) and the cultivation conditions-temperature, pH, oxygen supply and light (Somashekar and Joseph 2000; Frengova and Beshkova 2009; de la Fuente et al. 2010; Stachowiak 2012) .
This study investigated the effects of culture medium and illumination intensity on the growth, carotenoid yield and carotenoid proportions in R. diobovatum IMB Y-5023. The yeast was cultured in natural media-carrot medium (CM), bran extract that had previously been used for cultivating Pleurotus ostreatus (BYP) and modified yeast malt (YM) medium enriched in DP3 and DP4 carbohydrates (henceforth called the YM-M medium) at illumination intensities ranging from 0 to 5000 lx. The media differed in their origins, but this allowed us to investigate the real role of light in carotenogenesis in this yeast. The CM medium appeared to be most effective in promoting the production of carotenoids by X. dendrorhous (Stachowiak 2012) . The BYP medium contributed to the intense growth of R. diobovatum IMB Y-5023 (Goltvianskiy et al. 2015) . The YM-M medium is a typical medium used in yeast culturing under laboratory conditions. It contains glucose, but in our experiments was enriched with a pure maltotriose and malt extract to check whether R. diobovatum IMB Y-5023 could assimilate oligosaccharides. 
MATERIALS AND METHODS

Microorganisms and media
Cultivation
Yeast grown on a CM agar slant was washed with 10 mL of test medium and the resulting suspension was transferred to 50 mL of fresh test medium in a 300-mL flask. The culture was run in the dark for 2 days. Next, 5 mL of inoculum culture was transferred to 45 mL of an appropriate test medium. The cultures were run in a thermostat chamber with a phytotron function to control the illumination intensity (ST 700 Fit, Pol-Eko-Aparatura, Poland), for 5 days at 22
• C in orbital shakers (agitation speed, 150 rpm) at different illumination levels of 0-5000 lx. Lamps by Philips (Netherlands) emitting light close to natural daylight were used as light sources. Four Master TL5 HO 24W/840 lamps were used in sequence on overhead racks. The lamps were 0.5 m from the flasks. Light intensity was controlled using a TES 1335 luxmeter (TES Electrical Electronic Corp., Taipei, Taiwan).
Carotenoid extraction and analysis
Culture was centrifuged in 10 mL aliquots (15 min; 3500 g). The pellet was resuspended in 5 mL of dimethyl sulfoxide (SigmaAldrich, Saint Louis, MO, USA) and preheated to 55
• C. After vortexing for 30 s, 5 mL of the hexane fraction of petroleum (POCh, Gliwice, Poland) was added. The samples were again vortexed for 30 s and 20% NaCl aqueous solution was added in batches of 0.5 mL. The upper hexane fraction with the pigments was separated by centrifugation (15 min; 3500 g). Total carotenoids and their qualitative shares were determined using reversed-phase (C18 column) ultrahigh performance liquid chromatography electrospray ionization mass spectrometry (RP-UHPLC-ESI-MS). The analysis of carotenoids was performed using a Dionex UltiMate 3000 UHPLC (Thermo Fisher Scientific, Sunnyvale, CA, USA) coupled to a Bruker maXis impact ultrahigh resolution orthogonal quadrupole-time-of-flight accelerator (qTOF) equipped with an ESI source and operating in positive-ion mode (Bruker Daltonik, Bremen, Germany). RP chromatographic separation was conducted with a Kinetex 1.7 μm C18 100Å, LC column 100 × 2.1 mm (Phenomenex, Torrance, CA, USA). The ESI-MS settings were as follows: capillary voltage 4500 V, nebulizing gas 1.8 bar and dry gas 9 L/min at 200
• C. The scan range was the mass-to-charge ratio (m/z) from 80 to 1200. were extracted from full-scan chromatograms and the peak areas were integrated. The extraction window of the individual ion chromatograms was ±0.05 m/z units. The β-carotene and astaxanthin present in each sample were identified by comparing their retention times to those of standards (Sigma-Aldrich, Saint Louis, MO, USA), based on the molecular mass and structural information from the MS detector. Lycopene and torularhodin were identified based on information from the MS detector, and concentration was calculated according to a calibration curve for β-carotene. Calibration curves: astaxanthin = 247338x (R 2 = 0.9961, LOQ = 1 μg mL −1 ); β-carotene = 33124x (R 2 = 0.9951, LOQ = 5 μg mL −1 ), where x is peak area.
Sugars were determined by ion-exclusion high-performance liquid chromatography electrospray ionization mass spectrometry (IEHPLC-ESI-MS) using a Dionex UltiMate 3000 UHPLC (Thermo Fisher Scientific) coupled with a mass spectrometer (qTOF, Bruker maXis impact, Bruker Daltonik) and equipped with an ESI source. The LC-MS parameters were previously reported (Gumienna et al. 2016) .
Biomass was measured as DCW (dry cell weight). The total nitrogen content was analyzed by the Kjeldahl method, and the total organic carbon content was determined using the LCK 387 cuvette test (Hach Lange GMBH). The measurement was performed using a CADAS 30S spectrophotometer.
Statistical analysis
All the experiments were repeated three times with two replicates. The original data were transformed to the distribution closest to normality by the Box-Cox method (Sakia 1992) . Hierarchical cluster analysis was performed using Ward's amalgamation rule with the Euclidean distance (d) measure. The tree plots were scaled to a standardized scale (Dlink/Dmax) × 100 (Köhn and Hubert 2015; Ward 1963) . The Spearman's rank correlation coefficient was calculated (Hauke and Kossowski 2011) . K-means clustering with the V-fold cross-validation algorithm was performed to form clusters (Burman 1989; Chyi, Lai and Liu 2012) . Principal component analysis (PCA), implemented using the state-of-the-art NIPALS (Nonlinear Iterative Partial Least Squares) algorithm, was used to reduce the dimensionality of the data and to provide possible correlations between variables (Wise and Gallagher 1996) . All statistical hypotheses were tested at the α = 0.05 significance level. The probability value (P-value) was always compared with the significance level (α), and the results were considered to be statistically significant when P < α (P < 0.05) (Johnson 2013) . The statistical analysis was carried out using Statistica version 10 software from StatSoft, Inc, OK, USA. An overview of the relevant elementary concepts of the methods employed here, along with in-depth explanations, is freely available on the StatSoft website (StatSoft Inc. 2013 ) and in a printed version (Hill and Lewicki 2007) .
RESULTS
Carbohydrate composition of test media
The YM-M medium contained the most sugars of all media, with a total of 47. After 5 days of cultivation, 96%-99% of carbohydrates had been consumed in the YM-M and CM media, depending on the intensity of illumination of the yeast culture (Table 1) . There were negligible amounts of DP3 in the YM-M medium and of DP2 in the CM medium. All carbohydrates were consumed by the cultures on the BYP medium, irrespective of illumination intensity.
Biomass and carotene synthesis by R. diobovatum IMB Y-5023 on test media in the dark
In this study, the yeast R. diobovatum IMB Y-5023 grew and produced carotenoids in cultures run in the dark on all the test media (Table 1) . Cluster analysis was applied to find structures in the data without providing interpretations or explanations. The similarity of the quantitative amounts and the qualitative proportions of the carotenoids were examined (Fig. 1 ). Ward's method was used as an amalgamation rule: this method minimizes the sum of squares (SS) of the hypothetical clusters that can be created in each stage of the analysis. The Euclidean distance was computed to show geometric distance in multidimensional space (Hill and Lewicki 2007)-i.e . the space created by profile of the carotenoids in each sample. Analysis of hierarchical trees showed that it is possible to distinguish two similar clusters by cutting the tree diagram at 40% of the longest Euclidean distance (Dmax). Analysis of the dendrogram showed the effect of medium choice on the carotenoid profile (Fig. 1) . The composition of the test medium thus had a significant effect on the yield of biomass and carotenoids, as well as their qualitative proportions (Table 1 ). The chromatograms with the carotenoid profiles of each culture medium are presented in Figure 2 . The Spearman's rank correlation coefficient showed that there was no significant correlation between the yield of the biomass and carotenoid accumulation in the cultures run in the dark, P > 0.05 (Table 2) . In this case, the composition of the culture medium played the crucial role.
The highest carotenoid accumulation in the biomass of R. diobovatum IMB Y-5023 (24.98 mg g −1 ) was recorded in the culture on the YM-M medium, which had an initial C/N ratio of 12 and provided the lowest biomass yield. In this case, the calculated volumetric yield of the carotenoids was very high compared to other media, at 77 mg L −1 on account of the very high biomass yield of pigments. The culture on the BYP medium, with a C/N ratio of 10, provided a relatively high biomass yield, but its carotenoid content was the lowest at 3.35 mg g −1 DWC, which implied a three-fold lower volumetric efficiency of pigment production compared to the YM-M medium. However, low carotenoid production coupled with high biomass synthesis was also found in the case of the CM medium, which had a C/N ratio Of 0.86. The qualitative proportion of carotenoids in the cultures of R. diobovatum IMB Y-5023 run in the dark depended on the growth medium used. In the culture on the YM-M medium, the yeast produced four pigments: lycopene, β-carotene, astaxanthin and torularhodin. Among these pigments, lycopene accounted for 55.5%, β-carotene for 38.1%, torularhodin for 5.6% and astaxanthin for 0.8% (Table 1 ).
In the case of the yeast cultivated on the CM medium, lycopene accounted for 82.4%, β-carotene for only 15.6%, while the content of astaxanthin was greater than on the YM-M medium and accounted for 2% of the total carotenoids. Torularhodin was not detected (Table 1 ). The type of carotenoid produced by R. diobovatum IMB Y-5023 in cultures on the BYP medium was identical to that on the YM-M medium, and the proportions of lycopene and β-carotene were identical at 49.3%; whereas astaxanthin accounted for 1.5% of total carotenoids (Table 1) .
Biomass and carotene synthesis by R. diobovatum IMB Y-5023 on test media at different illumination intensities
Biomass yield, as well as the quantitative and qualitative proportions of carotenoids in the cultures of R. diobovatum IMB Y-5023 on test media at different illumination intensities is presented in Table 1 . The nonparametric correlation, Spearman's rank correlation coefficient, was calculated for the data (Table 2) . It was shown that illumination has a low, nonsignificant impact (P > 0.05) on β-carotene content. Moreover, a negative correlation was also found between the accumulation of carotenoids and the biomass yield, P < 0.05. The k-means algorithm was used to detect clusters in samples and to assign those samples to the clusters. Cluster analysis (tree clustering) is very different from k-means, which computes k clusters. This method minimizes the variability within each cluster, while maximizing variability between clusters. The optimum number of clusters (not known a priori and needing to be computed) was determined using the V-fold cross-validation algorithm which allows the most probable number of clusters in the data to be automatically calculated. Analysis of variance for the continuous variables and the chi-square test for the categorical variables were performed to estimate the most discriminating variables (Hill and Lewicki 2007) . It was observed that the DCW, total carotenoid, lycopene, β-carotene, astaxanthin, torularhodin, illumination and growth medium variables have discriminatory power (P < 0.001). The algorithm generated four clusters (Table 3) , which are homogeneous in relation to the culture medium except for samples obtained in the culture on the YM-M medium. This shows that the medium composition alone determines the quantitative amount and qualitative proportions of carotenoids in R. diobovatum IMB Y-5023. Thus, in yeast cultures on the YM-M medium, an increase in illumination intensity was accompanied by a decrease in total carotenoid concentration in the biomass, by 18% at an illumination of 300-750 lx and by 50% at 2000-5000 lx, when compared with cultures run in the dark. The decreases in the values of Y C/S were observed simultaneously (Table 1) . At the same time, biomass yield was not dependent on the illumination intensity and remained at approximately 3 g L −1 ; the biomass yield coefficients Y X/S were very low (0.07-0.08). By contrast, in cultures on the BYP medium, carotenoid concentration in the biomass increased with increasing illumination intensity over the 300-2000 lx range. At the same time, the biomass yield and values of Y X/S decreased (Table 1) . However, illumination of 5000 lx clearly inhibited both growth and carotenoid synthesis in the yeast. For the cultures run on the CM medium, illumination intensities in the 300-2000 lx range barely affect carotenoid content in the yeast cells and yeast growth. In this case, the highest cellular yield of carotenoids (7.09 mg g −1 DCW) and the highest value of Y C/S (0.48) occurred in the case of a culture run at 5000 lx. Consequently, the qualitative proportions of pigments varied depending on culture conditions (Table 1) . However, irrespective of these conditions, lycopene was always the main pigment produced by R. diobovatum IMB Y-5023. In cultures on the YM-M medium, this yeast also produced β-carotene, torularhodin and small amounts of astaxanthin. In cultures on the CM and BYP media, torularhodin was not detected in the cell extracts, while the other previously mentioned pigments were found.
PCA was used to summarize the interdependence described above between the variables and their impact on the classification of data. This procedure converts data into new variables (principal components, PCs) which are linearly uncorrelated and explain the greatest variance of the original data. Variables with a discriminatory power (computed in the k-means procedure, P < 0.001) were used in PCA (Fig. 3a) . Three new variables (PCs) were introduced; these PCs explain 90.2% of the variance in the data. Four groups were distinguished by the k-means analysis (Fig. 3b) . It was indicated that parameters for these groups are definitely different. The simultaneous comparison of the loading plot (Fig. 3a) with the respective score plot (Fig. 3b) facilitates identification of the relationships between samples and variables. The directions of the vectors in Fig. 3a and b needs to be borne in mind: if a sample position coincides with the direction vector, it can be assumed that concentration of this component (variable) is abundant in this sample. It was observed that the position of each cluster (Fig. 3b) is determined by the growth medium. Correlations can be elucidated from the cosine of the angle between the vectors (Fig. 3a) : for instance cos(0 
DISCUSSION
Data in the literature indicate that, in most cases, light affects the microbial production of carotenoids (Frengova and Beshkova 2009) , and carotenogenesis is considered to be the basic photoprotection mechanism in microorganisms exposed to solar UV radiation (290-400 nm), which generates reactive oxygen species on the cellular level (Sommaruga 2001) . Typically, light stimulates cell growth and the production of carotenoid pigments, such as in the yeasts R. glutinis (Zhang, Zhang and Tan 2014) and X. dendrorhous (de la Fuente et al. 2010) . In the microalga Haematococcus pluvialis, light is also a necessary factor in inducing astaxanthin synthesis (Pérez-López et al. 2014) . However, the stimulatory role played by illumination intensity and protocol varies by microorganism, medium composition and cultivation parameters. The inhibition of carotenogenesis by light is also known-for example, in Trichophyton mentagrophytes and B. trispora (Meyer and du Preez 1994) . Moreover, very high illumination intensity can even lead to cell death (Stachowiak 2013) . The effect of light on carotenogenesis in R. diobovatum has not been studied, although it is known that it inhabits diverse natural environments with different levels of exposure to light (Guo, Tang and Zhang 2014) . We found that this yeast efficiently synthesized carotenoids over a wide illumination range, including in darkness, regardless of the culture medium. The highest pigment yields were obtained in cultures in the YM-M enriched in oligosaccharides, independently of illumination intensity. The highest carotenoid yield (24.98 mg g −1 DCW) was obtained from a culture run in the dark. This is the highest yield of pigments obtained to date for R. diobovatum. It is thus clear that, in our experiments, carotenogenesis in R. diobovatum IMB Y-5023 depends on medium composition, and in our opinion mainly on the initial concentration of carbohydrates in medium. The YM-M medium contained the most sugars, and it was only on this medium that a high cellular yield of carotenoids was obtaineda yield six times greater than from any other medium. In this case, the carotenoid yield coefficient (Y C/S ) was 0.54. At the same time, the biomass yield coefficient Y X/S was very low (Table 1) . The initial concentration of sugars in the CM and BYP media was three to four times lower than in YM-M; in both, sugars were used mainly for biomass synthesis, as indicated by the Y X/S and Y C/S coefficients (Table 1) . Of the nutritional factors that affect cell metabolism, the C/N ratio plays a major role in the case of oleaginous microorganisms such as R. diobovatum. While a high C/N ratio stimulates lipid storage, carotenoids are significantly overproduced under low C/N conditions. Acetyl-CoA is a precursor of both fatty acids and carotenoids (both being synthesized via the mevalonate pathway), and is perhaps the major contributor to the overproduction of these compounds in yeast cells. It has been suggested that, with a high C/N ratio, the excess C, ATP and NADPH formed as a result of limited protein synthesis is used by the yeast to produce carotenoids and fatty acids. Yet, carotenoid accumulation usually occurs during the later stationary phase, after growth has terminated, while lipid formation always starts at the beginning of the logarithmic phase (Somashekar and Joseph 2000) . According to literature, a C/N ratio exceeding 20 is generally seen as a necessary condition for lipid induction in oleaginous microorganisms (Somashekar and Joseph 2000) . In our experiments, the initial C/N ratio was below 20 in all test media; although we did not determine lipid production, we did observe differences in the production of pigments and biomass.
In view of the data from the literature, it should be stressed that markedly greater carotenoid yields were obtained in our experiments, irrespective of the composition of the test medium or the illumination intensity. Yurkov et al. (2008) , culturing 11 R. diobovatum strains on a medium containing 110 g L −1 glucose (our cultures were run on media with 2-5 lower sugar concentrations), obtained an almost eight times greater yield of biomass than from cultures on the CM medium, providing the highest biomass yield (Table 1) . At the same time, the pigment yield was 4-40 times lower than the production of carotenoids on the test media in our study. However, an analysis of the medium composition used by Yurkov et al. (2008) indicates that the C/N ratio was very high so, at a high concentration of sugars, lipids could be synthetized. During cell growth, the C/N ratio is expected to change due to the consumption of nitrogen, so that acetyl-CoA is available early for lipid biosynthesis; after its depletion, the biosynthesis of carotenoids in the later stationary phase will be limited (Somashekar and Joseph 2000) . Moreover, R. diobovatum IMB Y-5023 could grow and produced carotenoids in low-glucose media, and was capable of assimilating DP3 and DP4 oligosaccharides. This creates an opportunity to lower the cost of industrial carotenoid production by making use of inexpensive by-products from the agrifood industry as growth media.
It should be stressed that the literature to date does not contain any reports of a strain of R. diobovatum that produces lycopene as its main pigment. However, the profile of the pigments produced by these yeasts has not been extensively analyzed. Buzzini et al. (2007) and Yurkov et al. (2008) stated that R. diobovatum produces torulene, torularhodin, β-and γ -carotene and trace amounts of other carotenoids. Lycopene is a metabolic intermediate in the biosynthesis of β-carotene and the mentioned pigments, and may thus be found among the carotenoids produced by R. diobovatum. In addition, Rh. glutinis in the presence of a metabolic regulator of β-carotene biosynthesis, such as imidazole, can produce lycopene without the concomitant production of β-carotene (Hernández-Almanza et al. 2014) .
Moreover, the varied effects of illumination intensity on the accumulation of carotenoids in R. diobovatum IMB Y-5023 biomass in cultures on different media (Table 1) indicate the possibility of affecting the activity of enzymes involved in carotenogenesis. Our observations were similar to those of the report by Zhang, Zhang and Tan (2014) , which reported that changes in temperature and light can inhibit some of the enzymes involved in the synthesis of carotene pigments.
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